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OH THE THEORY OP HIGH FREQUENCY 
PLASMA OSCILLATIONS 

r 

A. Akhiezer, J.Feirberg, A. Sitenko, K. Stepanov, 

YeSuiilko, tteGorbatanlto, U.I&rochkin 

As is known, the electrical conductivity of plasma, the 
time of establishing the thermal equilibrium betweeh electrons 
and ions, and also the time of heating the electron component 
of plasma all increase greatLy with temperature* Consequently, 
the usual Joule method of heating plasma may be difficult to 
apply in the region of high tei^eratures (above 10^°E), especi- 
ally if the current alone (wLtaout any additional measures) is 
used for confinement of the plasma. Therefore, j.t is of interest 

to study other methods of heating plasma which do not directly 
use Joule heat. Hetnods by which energy is directly supplied 
to tee ion component between collisions of the particles are 
of special interest. 

Some of such methods make use of ionic resonance as well 
as other resonance phenomena of the plasma, in an external mag- 
netic field. 

In this connection it is of interest to study systematical- 
ly the high frequency properties of plasma in an external mag- 
netic field. 

This paper deals with certain data on the high frequency 
oscillations of plasma* 


# Translated through the courtesy of the USSR Government 
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I. Kinctlo theory of oscillation of boundless 


Dlasrna in a magnetio field 


The high frequency properties of plasma may be studied most 
completely by means of the kinetic equation, in which the colli- 
sion operator may be omitted. This equation for particles of 

sort ot. maybe expressed as- follows (l): 

tU. . ej. tf.ji _ 

TC*r w + E ~rr + ^ T7 -o 

where: ^ (T, ? ,i) is the perturbation of the distribution 

funotion from the equilibrium function* which we will denote as 

t'JL an ^ ^ are the charge and the mass, of sort ?L partic- 
lesjoh c j ^a\W 0 l c (h° is the external constant magnetic field inten- 
sity); ‘ * 

E is the electric field intensity; the top sign is for ions, 
while the bottom sign is for electrons; the angles are shown in 
Fig. 1. 

It is not difficult to see that the electric field intensi- 
ty E satisfies the following equation: 

- graddiv E - ^ J J U f ? f J. d r 

1. /2/ 

We will look for the quantities f^and E. ia the form of 
plane waves 

{«( E ~ « , "irvv co 1 > 0 

By substituting these equations into 1. /I/ and 1. /2/ we ob- 
tain the following set of equations: 


2 [«•'*(*, x.* - S’ih) 


i- 1,2,3. l*/3/ 


where: 


JuiCe Jv K e dvdir 

= +111^^8/^ ? = + (Rir 3 Q 11 i 9 -w , )/oO^ 


C - dL 2' _ 3 r«<* 

‘ k ’ Tm " 7T" , 


c 

c = 2 
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Bie quantities £ ^ for* a tenaor of dielectric constants, 
see teat £ ^ depends on the wave vector as well as on the 
frequency.' ^n other words* there is space dispersion in the plae- 
aa as well as a lime dispersion. 

Thf> to 11 owing relation may be derived fro® equation 1./3 t 

Jet -r lK ) = fl n "+ B^+c-o 

A = £ u Sln a e ^Co^G + 2£„ S-.nG Cos0 ( 1./4/ 

B - 2 (£,. £ „ - £ 2J £ „) Cai e WQ + £ , * - € „ £ „ - >3 + O “ 

~ (£„ tzz**-*) c-D»tUiu) 

It is used to determine the refraction index of waves propa- 
gating in plasaa. 

If ion motion is not accounted for in the above formulas, we 
obtain nigh frequency electron oscillation^. Let us consider, 
first of ail, such oscillations teem the plasaaa temperature is 
equal to aero (T 0 « 0). 

fEhe coefficients in diversion equation "l./V do not depend 
on X raite 2L « 0. therefore, the solution to equation lv/4-/ is 

o 

as folio wsj 


-Be tv 8^-4^ 


1./5/, 


■mere 


0 o -- 1 - u - v/ -*uv Cos© 

Bo sutJ.v) -2(i-v) s -uv G»*S, 

Co ^0-v) 3 -u O-v), 

».(#)*. e. 

Shis equation determines tne refraction indices for ordinary 
and extraor dina ry waves in the "hydro dynamic'’ approximation. 

taking tee coefficient 1 Q as zero, wa rind tee natural fre- 
quency for longitudinal oscillations of tee plasma in a magnetic 
field wxtn 5L « 0 ^ 


=■ a(®/ + n)/jti[(9 £ 2 -^t 2 ) J -u9c 5 w s 2 Ccs a e] ' 2 
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account i'ox* the thermal corrections, as smi jog 
ttiat l0 c » K&e , where is the thermal ■velocity of the 
electrons equal to S e =>(.?£;) /J . In this case tne diaper si on 
equation may be expressed as follows ^*3], 


fl, n s +(fl 0 +B 1 )n. M + (Bo +Cj)n s + c Q =0 


where 


1.76/ 


fli - V ' 3C 3 i i, 0 (i-u) + o-u; 1 Coi J 0S'.h :? 0 + ■ ,r 4 ~u 


{ inj; — " Cc!,j 9 Sin’O +(l +C5i ! 0)^(l-u -v)(3co& a fl* 5 '^ u ~) + 


, . /. r s(i+3u. c j, , 3Si*,*0\l , 2siw*fl f i + 3u-v-ui/ 2 

+ o-o Vorsjs Co, 0 - ~jTT7u _ /l ~r^ n: 004 9 + 


2(i-u)(i + 2u - v) „ i„V) 

+ Si >r» 0 > , 

1- Mu J 


t 2 v i- u I U 1-MU J 


■[^1-v) a -u](3 


c + 


®»ese equations have three roots nf, n^ 2 , n^ 2 , Wiich de- 
termine the refraction indices of the ordinary, extraordinary 
and plasma waves respectively, '•‘(he first two roots are determi- 
ned by the formula 


n., i2 = h. t (1 + ff + ) 


1./7/, 


■where 


5' i = -(fl,n t M +B 1 h. 4 t 4C,)(2A 0 h. i * + B.)' 1 ^ /r t / 4 c 1 

smile the refraction factor for the plasma wave is determined 
by the formula 


2 flo S 

a 3 = -^7> T 


« /A. /« "f 


If the frequency is near co-f orOJ-, • 


i./B/. 


= - — 
x 8„ 


* 2 _ flo ±VA o ? -40,B. 

« 2fl ( 


1 = /3/=r 
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Let us consider the case of resonance where W « cJ e . Jfere, 
the refraction factors for the ordinary and extraordinary waves 
are determined by the formula 


where 


1,2 5 + A t ) 


A »■ ” t c a T7" [[ 1 - ( TP Sik. 2 0 + Co> i 0)vj h ; - 
-^( , t-V)(|-^-)(l+ Cob 2 0)-r(l _ 'j‘)Sih, J 0|vv 2 ^ + 

+ 0-0(1- f)J (2 S-,h 2 0 a* - 2v - 2 - Sin, 3 e)’ 1 


1./10/. 


We see that the resonance waves decay rapidly. The decay coef- 
ficient is of the same order as the quantity $, j c t it is 

much larger than the thermal corrections to the refraction indices 
for -the ordinary and extraordinary waves. 

If co^wcoe t where m= 2,3... (harmonic resonances), then 
ri, where ^]. 

} c ( mu^N 

/ c , a \ Tm- 1 j* " to 

* + ~ a ±) Si^ 02 , = \f£ Yl + 

It should be noted that the decay is exponentially small far 
away from the resonance frequencies and is of the same order as 
Ihe decay found by Landau ^ s 

r L - cue " a « IS ‘ 6 

Let us now consider the longitudinal natural frequencies of 
the plasma. The electromagnetic waves in the plasma cannot be di- 
vided into strictly longitudinal and -transverse waves in the pres- 
ence of a magnetic field. However, for the limiting case of vi -*■<*> 
the longitudinal plasma waves which satisfy the condition A =» 0 
can be singled out. Taking the thermal correction into account, 
the roots of the equation A B O are as follows^’ ^ : 


CO l>s = do! (1±M /£j«1 


lo/ll/. 


vfeere 


c s e 2 v* / Co a t (1 

C t ' f+v + u + (i-uJ' 2 Sih i 6 l 005 


6-Ju^ U. 


<Ve w 2 0 + 


3si**Q 

<l-u+)0-4h*) 




V . 
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The decay of the plasma oscillations is of the order of r u . 

let us consider the case where the frequency of plasma 
oscillations CO, is close to mco e (for m=2,3...). If the angle 
between the direotion in which the wave is propagated and the 
magnetic field is not near , the plasma resonant oscilla- 
tions will strongly decay. The decay coefficient is equal to 3 
v> _ \/jr Sin. 2w Q / xSi \ i ' r " H 

m ©}UJ KSe 1./12/. 

Plasma waves with frequencies cannot be 


propagated perpendicularly to the magnetic field. Here, the 
11 slot" in the frequency spectrum is determined from the equa- 
tion (7*3), 


& rn = (m*- i)(2 +l m l) 1 K S[ 


1-/13/ 

We have considered above plasma oscillations without ac- 
counting for ion motion. Now we shall investigate low frequen- 
cy plasma oscillations in which the ions as well as the elec- 
trons move. These oscillations are usually described by means 
of magneto-hydrodynamic equations. This is valid only for the 
case in which the frequency of oscillations is much smaller 
than the collision frequency V . in reality, however, magneto- 
hydrodynamic waves may exist for any relationship between co 
and V> . It must only be assumed that the frequency of oscilla- 
tions is small as compared with the cyclotron ion frequency 
WJM]. 

It may be shown from equations l./l/ and 1./2/ 10 that 
two magneto-hydrodynamic waves exist for the case an ordinary 
wave having a frequency of 

Wj. = kVaCo-, 9 > V fl = (HoV^jrn 0 iuO /2 < <c 1./14/ 

and an extraordinary wave having a frequency of 


CJ t - 


1./15/ < 


The decay of the ordinary wave for9~l is determined by 
the following formulas: 


(*■/<*), . s^~v A 

( r /w)-» ~ v, J u, «, > v. » v* 
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®ie decay ot tne extraordinary wave is equal to 


} Si«V A 'l .7^7/ 

C r /^) 2 = VTq- ^ e *H" a^c^oi' 

Tmae formulas, as well as equations 1./10/ and 1./12/, do 

not include the decay caused by "nearby" collisions. 

formulas lo/W and 1./17/ may be used if tne decay is slight 
i.e. . OSae rate of decay increases as tne phase velocity 

falls. An ordinary magneto-hydrodynamic wave quickly decays 
( r, ~ co x - KV « ) if S| S W,A V ft J W| 2 • An extraordinary wave begins 
to decay quickly if tne Alfven velocity ? A is comparable with 
tae tnermal velocity of the ioas S^® 

jfinally, let us consider low frequency longitudinal waves . 
In the absence of a magnetic field the frequency of these waves is 
determined by the Tonke-Langmuire equation » 

QiUo.. 


C0 r COo « 


^ L ^ Ci g, 

1+ H a ac* 


mere 


9 . = (Ajre 2 V^ 0' /2 Qt = ( Te/ ^ nl n “V 


Tne decay is stressed by the following formula 


\/ JVrn/ 9 t VCUt* 

r= Vo = V nu + K* at 1 ) 1 


1./19A 


Here, T e i- 3 assumed to be much larger than Tj.. 

Equations 1‘.'/18/ and 1V/19/ may also be used when there is a 
weak magnetic field that satisfies tie condition We * u Se 

If there is a strong magnetic field, where » hs, ^ two lon- 
gitudinal waves may be propagated in the plasma at frequencies to, 
&od CO a 


C0,% * \ (lOo 2 +C0i 2 )-t ^{(Wo E +(0t 2 ) 2 -A C0o 2 WiC«. Q J 

These waves have the following decay coefficients 


1.720/. 


1 o/2l A 


V -jr CO 1 , Z __ — 

T ' k 5 0, j (Co> 3 9/[i+ lw,,\ -W t ‘) 2 ]le.2c 

In deriving equations 1./20/ and 1.721/ ’the following assunp- 
•felons were made? 

/ 00 -U>l/£> V*. S:> Coi© CO»HS>Cos0, CO^KScC®,0 
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At intermediate magnetic field intensities, where W e » w Sc 
A)|.'tcKS| and 0 i s not close to _£L , the frequency is obtained 
from equation 1./18/, and the dfcay is equal to 


r= 


/Cos 0/ 


1./22/. 


J&Sff fluicte and reso nance properties of a pin nan 
— gJl-ihder in a longitud inal magnetic field 


In order to ascertain the possibility of using high frequen- 
cy heating for plasma, let us look into the wave guide and reson- 
ance properties of a plasma cylinder, which is located in a mag- 
netic field directed along the cylinder axis. It is necessary to 
consider wave propagation in bounded plasma since tie dispersive 
properties and the electromagnetic field distribution may differ 
maikedly in unbounded and bounded plasma* 

Kinetic theory gives a full picture of wave propagation, 
however, the basic features of tne processes that are of interest 
to us can be found from a sinpler set of equations, i.e; two-coBw 
ponent hydrodynamic equations: 


cL Vc, c r "1 — 

~dV = ■ rK.Hoj + m e v (ire - ir<.) 

^i. ~ = 6 E. + "c"[vi ( Hoj ~ t^iev' (Vl - Vt) 2* /I / , 

H.“ ^ en.(v i .-? t ) + -L ^ 

where He and are the electron and ion velocities; 

Bq and m^ are taeir masses; 
n is the equilibrium density of the plasma; 

^ is the effective collision frequency; 

H o intensity of the external magnetic field (H Q H z). 

Assuming -that all the quantities are proportional to ei£>i 
Ck^z - w t), the following equations may be derived for determin- 
ing the longitudinal conponents of the electric and magnetic fields 
of axially symmetrical wavesj 
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[(e. i -£ i V^£,£ J )K a - C£,+ £ 3 )K 3 a ] ; 

^ - tee. -£0 « a - W 3 a ][(e. * £*)«* - K » e ] , 

f ^ a 9 G 3 (U >^)[co 2 -0)c Co^ + L co \) ( i + JLt) ] 

(\-yy -[co a -ie(OV +1(4)0 (H ju)] 2 

£ _ Co COc 9e 2 

2 U) 2 COe, 2 C 'I- /» ) a - [ Co*- CO e CO l + t co V (1 + JJ)] a 

c _ / _ _9 e 2 C 1+ M) e Ho . . _ C Hg 

3 [to+i,o (u JU)] ; e 57 m e c > L ’ nu 


o a 

= m e 


u . J2«_ 

J rvvi 


The quantities £• £3 form a tensor of dielectric 

constants / £1 '«-£*. 0 \ 

£ = Ut* t, 0 

V 0 0 £a/ 

He solution tq equation 2./2/, regular at the point 
is as follows* 


E z (K.f)+83.(Kij>) 


2./3/ 


miere 


K A 2 r p .+ '/ p 1 - ^ 

•I'he remaining components of tne fields inside the plasma 
cylinder are determined from Maxwell’s equations* 

c hi £ if r n , . Lh 1 ! (J* 1 

' Kj ^Lh3i(ki>)~ k j ~ R.BD, (K i p) ) 


aoMK.ri* 4^s op, c« a p), 

U. if, M «-./ \ t Citf 

2 £aKK i ^(K^)" ttkKi B3. (K E f) 


2. /3/a, 


H ' , = ~'tjr as:1 ' TTij ism) 
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where 

M = T7 -fM£,K 2 -R 5 2 )-K a * 

H » K 3 a U.K ft -K3*) * £. H e M 

n * k 3 2 (e.i^-Kj^^-fi.K 2 H 
Q * £ 2 2 K a Kj 2 + £, (6,K a -Rj S )M 
i * S* K 2 k 3 2 + £, (6,H a -£ 3 a ; K 

Bxe following dispersion equation is evolved after maiHn e 
use of the boundary conditions at the surface of the plasma cy- 
linder: 

£i rjiCKiRo^Quk.) + j_ r^Cx r„) 

k. Jo (K, Ro) 3o (Mi R„) ac 2 H o 2 ( x R„) 

6 3 [(6,R z -k 3 2 )(£, + l)-£: K 2 ] | IUX«.)U,(H, B .) 3,(« ft R.)1 

2£,k, £ R a 2 x K.(«R.)l ' 3.CK.R.) (K, “ 

K 4 2 (k, 2 - O 


X 


Sc 


U, ( x R. ) 
•k® (xR.) 


N, 


ji CW. R.) u 
i CK, fl.) Ka 


J< CHtR.) 1 _ n 

i CKj R.) J “ 


where -• Ks 5 - K a > and fi 0 is the radius of the plasma cy- 
linder. 

!Qie electron and ion velocities for the general case are as 
follows: 




■ | ico £co 2 -a>L 2 i-wu* j Ep + U)z £co a -<J<, + lwV jj"J £ ^ | , 

1 ^} , 


p . ,V 

■ + U60V 


*feif * FfiTZ", {-w e [co 2 -w, 2 + tuj^j E p + Lu) [co’Uji. 5 - 
flp = { ” i-<^o[w i -co e a +lco'0*] Ep+W e [|((w 2 -We 4 _) + IWV*] E^j , 

~ | [^(w a - We. a ) + i.w\/ ] Ep +lw [‘O a -C0e 2 -I- ItuV*] Efj I 

!! t s MJ 4 O 0 e. s ( 1 - J u) 5 -[‘o a -OJe tOi. * L<C 0 V ‘‘J 2 , V* 5 k(l+^) 

let us consider equation 2*/4-/ for several limiting cases 
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If 


Co U)l , O) LOe UJL 


•then 




©e 


c Cp 55 r . 

" Coe Wi, 1 " * C 3 “ "1 

(£• H a -^2> a ) 


CUc tOu 


H* = £,rt a -K 5 a , 


SJc 


Uj (go -*-lo ) 


2*75/. 


Assuming that RAr^-c-ci, k/R. 4 * 1 , 3, s iv* >>1 , ©7 >> We col 

we obtain tne diversion equation for magneto-hydrodynamic waves 
in a bounded medium 


■y,(HaR.)-0 ( K 8 a R.-*A. l p 

from here we obtain 


X\: 


3,9. 


1 J ‘ * * J 


v/- 


cot fto 2 




2 ./ 6 /. 

tne solu- 


Ip* (!+!•*•) + Sid R° 8 ’ 

r o* 

If the plasma velocity is small [\Z 0 = 4c c] ( 
tion to the diversion equation close to the ion cyclotron frequen- 
cy is as follows: 

sIApIP** \ 


CO = CO; 


o- 


Q ejfiU 

60 e C*J i. 


9 e 6j e u)i ) J3 ^ « * 


2 coe coc. R 0 2 / 

CO L 2 V „ Wt -60 ^ ^ 


2f/7/. 


41 


: e~ ' COi, " W C 

Here, the consonants of the electric and magnetic fields in- 
side tne plasma are as follows: 


r r J 3° (K'P) _ _L Jq (R?P) 1 
1-2 to \ 3 0 (H, Ro) Jo (Kj Ro) J 

U - r f i- K / 1 2coe_wccC R, a, \ Jq 0 *i P)_ -t-icHl 

n ^'to ~-p-U + SJc* H z / 3.WR.) £j k 


2oUvP)_\ 
iOhR.) j ’ 



E. 


• c p i JL . J' (><■?) _ JL_ J' Ailll } 

-J 0 CK.R.) £ s Kj iCKj.Ro) j 



2coeWtA N 
2e 2 / 


Jo (.A* Ao) 


5i.H 2 j J_ CJt COyoC l 1|( R^f) | 

K, 1 v ■ ©c* / XIK, R.) J 

2 ® A/. 


£4- E 0 


where = 


Uj — tp U 

Co L j5*<j5 


CiK*- X Ck,.P) ^ / COe CUc aYk £ 
H.«» J»CK.R o r d V 14 92 e = Jl* H* 


3 »(*>?) | 

Jo CRjRo'/ J 
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For X -0 , V«0, Cd,-* ‘°°) e quations 2*/4/ and 2,/7/ so over 
into the results of Reference (14) . 

In the oase of very fast waves ( Ji $ — t dispersion 
equation 2./4/ breaks down into two equations with a defini te 
tsype of wave corresponding to each of then 


_L h - X Ki (j lk Ro) ^ 

w ' M«, + I-I* Ko ( + UR.) * U ) 


Xills. — R jfj ( j? tu R.) ^ ^ 

2 X>(Ka R.) + L K 0 (tf« t Lk Ro) 

where 



2.79/ 


6 , S £j 

Waves with a phase velocity equal to o, cannot be propaga- 
ted in the plasma oylindar since the condition for radiation at 
infinity is not satisfied in this case* However, if the plasma 
cylinder is surrounded by a metal casing, these waves may be pro-, 
negated* 

Jifere the dLspepaion equation is as followst 


■i*e 1 S'(ji i -i)(Kj i -M l 1 )K 0 i +m # Q 


■liiMiL, _ H o < 
3. (H,R.) 


1, C M a fl<) 
H. (Hi ft.) 


2.710/, 


where „ Xi. 0slM '3 

P ~ Ro 

®he oorre spending conponents of tne eleotrio and magnetic 
fields are as follows* 


pRo > p > Ro 
Ea * Caivst * 0 


H a * Ceivit * H d 

* H j r 4^r |n‘/> a -j»*K 4 Ri a 

^•h* *h„. ‘f- 


2. /10a/. 


ji 6 .a. jtHe f H IdHiR,) .!♦! 3) (Kg RJ 
6. K/“H, a L Hi W& 3. CH 4 fl,) 


H e >no 
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Jo (K,P) _ 3 „ (Kt P) 

Jo (K, R.) Jo (K?. R.) 

Hi 

•f) 


/i/Of«-:JM5/i'/3300 

IWSrt 


£ I 


K, y| 3,0<,P) _ JlsA 3| l 

K ff loCK.p) HS ( R a R«) ) ’ 

J Ho fjl. ^(R'-P) _ JL 3 ' ( W * ^ — l 
JTkJ I Hi 3 o(R, Ro) Ri Jo (Raft.) J 


Ho 


£ y ' 


K / - K* 


L K Ho 


M ' 


3 o (H'P) 

3 o U,R.) 




3 0 (W» Ro) j 


2. /10b/. 


K, Q. J 1 (K,p) __ Ha 3 . 3, (Raf) _ 
~W S-S, 3o(K'.R.) Kj£, T ° tKiR °) 


Rj -IV 

Wp — ~ E\ 

If toe frequencies of toe waves being propagated in the plas- 
ma cylinder are large ( co » Vuj c col ), the ion motion may be 

neglected and dispersion equation 2*/4/ reduces to (15) J 

£ j 3,(k,r.R(h**o 1 , » x 

K,K 2 3o \K, R.) Jo (Ka. Ho) H 2 K^XR.) 2 t, i K, 2 k/ OV- «/) 


-L f u 3.C R. Ro) _ m 3 i ( Ka Ro) 1 

X L K ' 3o (K. Ro) ~ 2 Do tKi-R.) J 


j_ K.(x Ro) 

X x Ho (x, Ro) 


y 3. (X. ftp) . L> 
3o (.«, Ro) 1 


g 3 [(£,H ; -k3 a )(6,^)-£a H 2 ] 

3, ( Kj, Ro) 


io uq Ro) 


U) - I 
Ro) J 


2. /II/, 


where 


6 , = 1 ~ 


CO e 


CO e. ! - <0* 


e a, 8 
2" CoCW^-to 2 ) 


8 - 1 - ~ e - 
C 3 - 1 t^> a. 


Bins, slow and fast waves as well as waves with a phase 
velocity of C may be propagated in a plasma cylinder located in a 
magnetic field*' 

Equations 2*'/2/, 2*/3/ and 2*/3a. / egress toe penetration of 
toe field into tae plasma cylinder. They determine toe form of 
toe field in toe plasma cylinder* 

It may be seen from these' relationships, and numerical calcu- 
lations that electromagnetic waves penetrate quite deeply into 
the plasma (see parag.1 ) if toe plasma is dense enough, (colcco* «$/). 

This is connected with the gyro tropic properties of a 
plasma cylinder* 

From equation 2*/3/ it follows that toe radial distribution 
of the field depends on £. and £e as well as on £ 3 » therefore, 
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oven when ~r ^0 , the field penetrates the plasma* 

Let ue now discuss the question of the energy obtained by 
the particles la tne high frequency electromagnetic field under 

conditions similar to these of resonanoe. 

Ittie resonance conditions for dense plasma depend on the 
density and geometry of the plasma in contrast to the case of 
free electrons and Ions whose cyclotron resonance frequency 
does not depend on these conditions* ®fcde is connected with a 
displacement of the resonance frequencies and a change in the 
way the field penetrates the plasma* 


Here we shall limit ourselves to the two most interesting 
cases wnen <=« and wnen -*• 0* *n the first case tne 

phase velocity of the wave 0 , and the 'corresponding oscilla- 
tion frequency coincides with the frequency for ion or electron 
cyclotron resonances* When co — and assuming that 


v 




“a? e ^ 


*1 


A)-,, f 

the electron and ion velocities are equal to 


vr. 


■J* 


e_5jf 

m k co’ u 


m , eE f— J4 l— 

’'P r>Hun WL-W 


U-^-UTap ^ „ l, ify, 

Hite see that the velocity of the ion is mu oh greater than 
that of the electron* Let us note that in the case considered 
the resonance frequency depends but slightly on the plasma den- 
sity and the geometry of the cylinder 2*/7/* It Is the same as 
the cyclotron velocity for a free ion. 


When the following conditions are fulfilled 

&*/«£?/« i , Sri *1 


and i the velocities of the particles are equal toi 


if * e E if 


n P ? 


ei'f 


th wl 
t IT up 


8*71 3/» 


Iftlf sr l If ftp 

In this case the electron velocities are w ch greater than 
the ion velocities* 
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I»et us now consider toe second limiting case, when k, o, 
ffiais case corresponds to the oscillation of tie cylinder as a 
thole* Here, the electromagnetic fields does not depend on a* 

Dispersion, equation 2. /4/ with. k' 3 - o brenke down into fwo 
equations (see 2 / 9 /). Tke dielectric constant c corresponding 
to a purely transverse oscillation is equal to (16J); 

C = (CQg. ;: -U)' ; )(to 2 -60 t i: j-s?a\|H:A)‘ : ^i'l'-A)(u)icvr.co u )($d-Lu J v)+a) a V ;! (1*jn) a 

° X (W e 2 -u) i K^ ii -OJ,^+ (l+jOCW 5 -UtWi.)l'3o i -2t.tuO)'»- llOV (I+/-0 2 ($ t J -iw V)~ 

®.th V = O the zeros and poles of 6, will be located at the 
following frequencies: 

i^eros : 


co+ - 

co_ = 

Poles: 


CO. 


CO. 


-{ 


(u) e a +COi. a + 2 Q £ 

*)-\l T (^e 4, +WL 2 +asj c 2) 2 -(cOeCOL +£ 

Co *\ 1 + %£) 

® c u) e ** 

9c + -r cot 

^ e COc 1 " 

•* b* §fc) 

Se 2 >> CO G a 

O _ 1 

** T COe 

S?t a » co,.* 


)-J V^e +W-/*5?|)i4^ OcU)L (5 > 7 C0tOL> ^ 

«Mi+*SS) 

^c, <c OJe 2 

d x i^) 

$?& 2 » CJc S 

& 

9 e 2 A (Oc co l 


2,/14/a 


2./l4/a 

2. /14/b 


®ie ion and electron velocities and also the corresponding 
penetration depths are expressed by toe following relations: 


(Ey is given on toe boundary) : 

l) CO - } COt u)l } \J « 60 e 


- et V iuilO -SSc 1 -<0l a 


IP ft E Y 

^ = * 


e E v 


Vij, lfc E * 




*»** 

& TV 
hit u>L 


2 i COe 0 

U up - 

tnt lOi. £ 1/ 

^ <^LV - 2^ 

V*; to - 

eg t, UJc 



bxt C0* L ^ V* 

co c * / 

0)e a 

V « We 

U) e 

\y. = u ~1- 
Vu P r m L toi. 

9^-'u 60c ^ 

2^ 

2 L We V 


S'- — YiyLN'/i 

St ' COL 1 


2u" 




eEjf 
m-i cot 


5 ?C 


- :0t V 


?! 51 .( 1 :) 
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yor a given consonant of the external electric field E P 
on the boundary the cylinder the electron and ion velocities 
and corresponding penetration depths are given by the following 
egressions: 


1 ) « - Wl (1 + § 3 i) 


$ COe U)l 


ITgo “ ““ 


4 3 iVCOl 5 6 & - 2 ^COi 


e P r Wu £ ®e a 


le Ep lSie S + lu)iv;^e. £ 
^ = SmeWe tOL Qe/ 0 


V cc voe 

£ [p (Qe* +21 coc v) 
'P 2 pne V *55 


g £_p ^ e. +_2 l 
^ 2 i me \) S? t l 


> C / fie 1 V 4 

:0\A 2.0 uJW 


2 ) W , 


e Ep(2e a *2i CX\0 

^-p 1 


S e 2 4 . CO« ^ 


... e Ep '.5?e 2 +^t ^ 

^ Z 8 m e 2 * 2 v 
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Vt P- 


Vu 
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► ’ weVsuuty 
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2 m t \) We J S 5 e 2 
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3 * Excitation, of waves in plasma 

We shall now consider the question, of exciting waves in the 
plasma by means of external currents* Let us begin with the simp- 
lest problem of exciting hydromagne tic waves in a fluid or infi- 
nite conductivity; ®be state of the fluid is described by the fol- 
lowing equations: 


p ” "*P 


+ cLuir =0 

o t 


v i r - - -i- 
Tot t " c. 


dlipH r 0 
tot H - 


(j + j.) 


3 ./V 


3 */ 2 /, 


where j„ is the external current density* Assuming the current 
to be sufficiently small, we may linearize tne set of equations 
3*/1/* As a result, the following equation, which determines the 
velocity, is obtained: 


-s V (v , V ft ] , Vft] = jV [h„ ,l?c| 


3 */ 3 / » 


where p, is the eqiilibrium density of the fluid, S is the velo- 
city of sound waves and Va - / V a jt p 7 

Tae variable magnetic field h. = a - Hq and the change in 
density caused by the wave are determined from the following equa- 
tions: 

It ■*hst[vr,Ho] 
it 


3 ./V. 


3fc 


+ f 0 Biv = 0 
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5h.e change in the total energy of the medium per unit of 
time is equal to 


3 = c /(tf 1 , [Ho, Jo]) dt 


3./5A 


llbie Fourier -velocity component IFCk.o)) is obtained fro* 
the equation 



uhere j (£><■>) is tae Fourier density component or the external 
current. 


Taking the deter minan t of equation set 3./6/ as zero, 
we obtain tae dispersion equation for natural oscillations of 
an infinitely conducting fluid located in a magnetic field. 

Finding v 1 from equation 6, we can derive the following 
general equation for the radiation intensity Of three types of 
Waves, a hydrodynamic wave and two magneto— acoustical waves • 


d] - sir s 


^{/u$ ■«.»)/ 


2 

U, J 


-s*(os*e 
u‘ -Uj* 




+ 


S J Co> ! G -U>* 

^ -u7 r 





3./7A 


H 2 2 

where TJ^ * U 2 and are the squares of the phase velocities 
of the hydromagnetic and magneto-acoustical waves 


u , 2 * v ft 2 c D»*e 

ujl* = i-{(s & +v A i) ±Vcs*+v fc ')*-^*v A Co»*e ) 

0 is tae angle between the direction of wave propagation and 
the magnetic field; y is the angle between the planes (j 0 ,"h o ) 
and (K , H - .) v 


Hie external current is considered to* be a harmonic func- 
tion of tame. 

For a surface current of j = £ s(z)t' U>t 

the total radiation intensity of the hydromagnetic waves is 
equal to 

- jr i z 3*/8A 

J ' V J** 




Approved For Release 2009/08/31 : CIA-RDP88-00904R0001 001 30022-3 


- 19 


rt/CCI-n? . 15 / 7/2300 
U03R 


'■ftiis quantity does not depend on the current frequency, 

Ibr a line current tbe radiation intensity is equal to 


= JL . « -i 

Je 2 c iiJ 


3*/9A 


Eqiations 5*'/V and 3.72/ may be used only to describe low- 
frequency oscillations, wnose frequency is much less than the 
cyclotron frequency of the ions. 

Equation set 2./1/ or ttoe single r set given below (17) nay 
be used to determine ihe excitation intensity of the waves whose 
frequency is near the cyclotron ion frequency 


f If -fir.*.] 


If - T 


e * 


3./10/. 


, ~r L 4JT *5 / 7" *r > 

tot tot l * - c 4 c Vi Jo; 

Bods sat of equations is already linearized* file second eqaat- 
tion stands here for tne relation E + |[iri iT„] =o which follows 
from Ohm’s law for an infinitely conducting medium. Collisions 
are not accounted for in equations 3*/10/ for the sake of the 
simplicity. 

It may be shown that the Fourier components of the electric 
field are determined by the following equations 


where 


E x " COA S° p [(l-^r£.c.) 2 -^i. a ][l'^ i £i£.e(l-Vv l )]n' > '5iiv J '9 fchfCoilf 

+ LJ3 2 £i.[l-_p 2 £t£.e (1-W l -tVCoi a 0)]j 

E , ■ - S- j. { J>' [0- fU£.) ! -<*] [ 1 ■ - »•' Si *‘8 c» * » - 

-> 2 £ t £, e 0-n,‘)(l- n. a Sitv 4 0 ****)] + 

+ (l-w/+h.* &»*«)]■ 


3.711/ 


A = Bn. t + C 


K 

, 1 
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3.71 3A 


-[ 1+f* 0-E t £ t -£-.*)] Su/g} , 

c* ft.){ Su a ]-ap B (i- Sc%e)+lJ 

(The directions of the axes are given in E£g,H). 

Taking A as zero we obtain the refraction indices for 
waves that can be propagated in the medium (here pressure effects 
are neglected): 

i . ( 1 r- e I - (2 - £.e * in* 

in-i'i.t.) Si ' 91 

»~‘ 6 ] " 

The total radiation intensity dl is determined Dy equa- 
tion 3./5A Substituting E y in it from equation 3* /II/, we od-, 
tain the following general equation for <3X: 

+ h, a (i+^5.^*)siiv l a <V* -h,' , jj i £ ll a t st70s^^][(i-^^-^i a ]+ 

+ (i-£.i£e)(l-ji 1 £ l u) + 

■4 j 

+ h. Ji £,1 ^t(.1"£i.£tSLn. i i3)j(^v L i-a 1 l h.*-h./ ) y g! ^ flc ’ ^ ^ 

where fT = 7c. 

Co 

Let us consider in more detail the excitation of waves by 
the surface current 

Jo (2) =jo $ (z)e 

In this case tne intensity of radiation per unit surface 
is equal to: 

(^ t [l + p \ { t eX) 1 -£/l] + , '| 3.'/1V, 

where 


ft 4 = 1 ♦ 




£i) 
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If S, L (£,«. 1 1)=- — jr - the resonance condition is satis- 

fied and G tends to infinity.' Hie resonance frequencies for tne 
case of surface current excitation are as follows* 

co « ± ~ 

where 


Q 




J & Vnt 

Let us consider several- limiting cases. If 4.* I* then 

i+ 


<f_ .JLh — { — — 

' 0 " c.(n t +n.*,) I 

In this event if 1, then 


J* 1 


+ 


a _ 

“ a*. 


JDLb 


cVTT 


If 5 i~1 , then 




. 3- lh 




VmJT + £ 


If £>i » 1, then 




n l •*■ 1+ 


3./15/. 


3.716/. 


3. 717A 


3./W. 


^ 1 li. 1;FT7 Wi, 

J= c ' i/TTHr+yTTHZ l l V^i- J — r ' 


Let us now consider the limiting case $ e ~ 1 ( » 1).' 

Here a _ ^ ^ £ . and 


•V 


1 


ll' 


1+ I"? 1 


If finally <S, t » 1, then 

a_ in 1 si 


n.f> K M- 


£ 0 ' 




3./19/. 


3*/20/. 


C YF^ 

If the plasma is excited by a harmonic line current, we 
obtain equation 3*/9/ for the intensity of radiation per unit 
in length. 
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